The changes in the short-range ordered structure of an alloy containing 74 at. % Ni, 26 at. % Fe have been determined for a series of anneals between 0 and 40 hours at 480°C. Three-dimensional shortrange-order parameters have been determined by diffuse X-ray scattering analysis from a single-crystal sample. The ordered arrangement has been shown to change from one dominated by nearest-neighbor interactions to one with longer range interactions in the period between 8 and 12 hours at 480°C. For longer times of annealing, this gradually changes to a more cooperative interaction extending over longer distances and approaching the arrangement found in the fully ordered structure. The changes in the hardness, resistivity, and coercive force which occur at or near 12 hours of annealing support the contention that a change in the type of atomic arrangement is taking place at this time.
Introduction
The existence of atomic order in alloys near the compositon NiaFe was first proposed by Dahl (1936) in a study of the effects of cold work and heat treatment on Ni-Fe alloys. Later X-ray diffraction studies by Leech & Sykes (1939) confirmed the formation of an ordered structure of the Cu3Au type upon annealing below 500°C. Several more recent investigations have shown a strong correlation between the amount of order present in the system and various physical properties. Examples of these studies are the calorimetric work by Iida (1952, 1954, 1955) , the mechanical property studies by Vidoz, Lazaveric & Cahn (1963) , and the magnetic studies by Bozorth (1953) . In each of these studies, a strong correlation between atomic order and physical properties has been shown.
While X-ray scattering measurements provide the most complete information concerning atomic, order in an alloy, the X-ray data on this system have been quite sparse, especially for the early stages of the ordering reaction. This lack of data is mainly attributable to the extremely low levels of order-modulated intensity obtained from alloys of this system. The reason for these low intensity levels is found in the equation given by Cowley (1950) , which may be written for the cubic case as: (1), it can be seen that elements whose atomic scattering factors are similar will produce low levels of order-modulated intensity since the term (fa-fs) z will be small. One means of overcoming this problem is through use of the anomalies in the scattering factors of Ni and Fe which occur when Co Kc~ is used. Using the values of the dispersion corrections for Co Kc~ radiation for Ni and Fe given by Cooper (1963) , the value of this term was found to be approximately double that found with copper radiation. An additional gain in intensity was obtained by using a pyrolytic graphite primary beam monochromator. Renninget (1954) has shown that a natural graphite monochromator could yield as much as a 600% increase in diffracted intensity over a LiF crystal, and later work by Gould, Bates & Sparks (1968) showed that a flat crystal of pyrolytic graphite showed a 300% intensity increased over LiF in the same wavelength range.
With the combination of the Co radiation and graphite monochromator, the intensity of the diffuse scattering was brought to a measureable level.
Experimental
The short-range-order ~ parameters were obtained from determination of the distribution of diffuse X-ray intensity from a single crystal of Ni3Fe and the Fourier transformation of equation (1). In terms of the f.c.c. Ni3Fe structure this becomes:
The mapping of the intensity distribution throughout the entire first cell of ,the reciprocal lattice would require enormous amounts of time. However, symmetry elements in the intensity distribution allow a much smaller volume to be measured, with the resultant intensities reflected to fill the first cell. The minimum volume of measurement necessary for the f.c.c, case as given by Sparks &Borie (1965) is shown in Fig. 1 . The intensity distribution within this tetrahedral volume was obtained with a General Electric Single Crystal Orienter used in conjunction with a modified G.E. XRD-5 diffractometer. Since the equipment available allowed only one drive (20) to be automated, it was decided to collect data on a series of planar areas lying within the volume studied. These data were then extropolated with digital computer methods onto a cubic subgrid of points within this volume.
Conversion of diffuse intensity into absolute units was done with reference to polystyrene according to Sparks &Borie (1965) . In the final computer calculation, the corrected diffuse X-ray intensities, divided by the Laue monotonic unit XAXB(fA--fB)Z, • were reflected through symmetry relationships to fill the first cell of the reciprocal lattice and equation (2) was integrated with a three-dimensional Simpson's rule method. These calculations resulted in the short-rangeorder a parameters characteristic of the state of order.
To test the reliability of the three-dimensional interpolation and intensity reflection routines, we calculated a series of c~ parameters from an assumed model of short-range order and synthesized intensity data at the points to be measured, using equation (1). This synthesized intensity data was then processed through the computer programs and the resulting a's compared to the input values. This test resulted in the cds agreeing within 3%, the major cause of error being the small • number of input cds and the rapidly forced termination of the intensity series.
The effects of temperature diffuse scattering were not included in the calculation of the c~ parameters in this study. The value of the diffuse intensity around the Bragg nodes, where the TDS is concentrated, was extrapolated to zero at the nodes. The size effect, including Huang scattering, was also neglected. The similarity in atomic size and chemical behavior for Ni and Fe, along with the absence of a peak shift at the 100 and 110 positions, suggested that the size effect . was minimal.
The X-ray measurements and diamond-pyramid mi' crohardness measurements were made on the same single crystal sample. This sample consisted of a disc approximately 1 inch diameter x ~6 inch thick, cut to a (211) orientation. Analysis in our laboratory showed the composition to be 74/26 Ni/Fe. Measurements of the electrical resistivity and magnetic coercive force were performed with standard room-temperature methods on polycrystalline wires of composition 75.15% Ni, balance Fe. For both the single crystal and polycrys-• talline samples, annealing was carried out in vactto at a temperature of 480°C, approximately 10°C below the critical ordering temperature, for varying amounts of time.
Results and discussion
Following the procedures outlined above, X-ray and microhardness data were taken for the single crystal sample as quenched from 1000°C and at annealing times of 20 min to 40 hours at 480°C. The values of the c~ parameters for the first several coordination shells as a function of annealing time at 480°C are shown in Fig. 2, along with the values for the perfectly ordered structure.
In the present work, it was found that an erl"or of less than one count per second in the measured background intensity could change the value of %00 from greater than 1.5 to 1.0, while the other e's were scarcely affected.
Referring again to Fig. 2 , one should note that for annealing times up to 8 hours at 480°C there are several discrepancies in the signs of some of the 7's as compared to perfect order. This effect has been /-000 ~o0 ,oo h I found by Cowley (1950) in his work on CuaAu, and has been discussed as showing the order relationships to hold, for the most part, only over nearest-neighbor distances. The error in sign stems from the tendency for each atom to surround itself by unlike nearest neighbors during the early stages of order, a pattern which is not entirely compatible with the f.c.c. Cu3Au type structure. At times greater than 12 hours, the signs of the a's can be seen to progress toward those found in the long-range ordered structure, although their magnitudes show that the arrangement is still far from that of perfect order. The results of microhardness, electrical-resistivity, and coercive-force measurements also show a change to take place at roughly 12 hours of annealing. This is shown in Fig. 3 . The rate of change of hardness with time, although the least sensitive of the measurements performed, shows a definite break to occur between 10-14 hours of annealing. In a similar manner, the rate of change of resistivity' with time shows a major change during this time period. The coercive force data show that the coercivity decreases with time upon annealing at 480°C for times up to 12 hours. After reaching a minimum value at this time, the coercivity then increases with further annealing.
The change in the ordered structure from one dominated by nearest-neighbor interactions to one with longer-range correlations shows an excellent correlation with the proposed sequence of ordering given by Iida (1955) . Based upon his calorimetric data, he proposed that the period of annealing from the quenched state up to approximately 10 hours produced a short-range ordered structure, with a small amount of long-range order. The period lasting from 5-60 hours of annealing was proposed to include the formation of the longrange ordered structure. This would seem to agree quite well with the explanation of the signs of the 0Cs given earlier. 
